Background. In a number of countries, reimbursement to hospitals providing renal dialysis services is
Short summary:
In this paper, we analyse patient-level cost data for patients starting renal replacement therapy in England in order to explore how hospitals costs vary with treatment modality, number of years on treatment and factors such as age and comorbidities. The results of regression analyses suggest that, excluding the fixed costs of renal replacement therapy, inpatient costs generally decreased with number of years on treatment for haemodialysis and transplant patients, whereas costs for patients receiving peritoneal dialysis remained constant. Diabetes was associated with higher mean annual costs for all patients irrespective of treatment modality and hospital setting. Age did not have a consistent effect on costs.
INTRODUCTION
In an attempt to control rising costs, several countries have introduced a system of fixed reimbursement rates for the provision of chronic dialysis for patients with established renal failure (ERF) [1] . Since 2010, reimbursement to hospitals providing renal dialysis services in England has been set according to a national tariff under the Payment by Results (PbR) system [2] . There are plans to introduce a similar national tariff for kidney transplantation in the near future, with separate currencies being developed to capture three stages of the transplant pathway: preparation for transplant, the inpatient episode including the transplant procedure, and post-transplant outpatient activity [3] .
While the annual cost of chronic maintenance dialysis and the cost of transplant surgery are amenable to fixed tariffs, patients with ERF commonly present with comorbidities such as diabetes, ischaemic heart disease and vascular disease, which can lead to variations in the use of healthcare resources beyond renal replacement therapy (RRT) itself [4] . A number of previous studies have explored hospitalisation rates or costs among dialysis patients, however, given the challenges of collecting patient-level resource use data, these studies have typically been restricted to a time horizon of one year or less [5] [6] [7] .
Linkage of the Hospital Episodes Statistics (HES) dataset to UK Renal Registry (UKRR) data for patients who started RRT for ERF in England between 2003 and 2006 provides an opportunity to explore hospital inpatient and outpatient costs over a number of years among both dialysis and transplant patients. HES captures demographic information, comorbid conditions and data on all inpatient and outpatient care delivered in NHS hospitals in England, including treatment specialty and length of stay. The UKRR reports on the demography of incident RRT patients using data provided by renal centres. Linkage of these two datasets enhances the variables available for analysis and provides an opportunity to analyse a rich data source on hospitalisations for a cohort that represents >95% of all patients who started RRT during a defined period in England [8] . The aim of the current study is to analyse the linked dataset to explore variations in inpatient and outpatient hospital costs, separately from the fixed cost of RRT, and in relation to treatment modality, number of years on treatment and factors such as age and comorbidities. If a patient on dialysis subsequently received a transplant, this patient then became part of the incident transplant cohort and the date of transplant was taken as the new index date for measuring subsequent hospitalisations. Comorbidity information in HES was determined from discharge codes from hospitalisations prior to starting RRT. Comorbidities were defined using International Classification of Disease version 10 (ICD10) codes applying algorithms previously described in the literature [9] . Inpatient costs were generated by grouping hospital episodes by Healthcare Resource Group (HRG) and applying the relevant 2011/12 PbR tariff associated with each HRG. Costs for outpatient appointments were assigned according to treatment function code [10] . Hospital episodes for the purpose of receiving maintenance dialysis or for undergoing transplant surgery were specifically excluded, but hospital episodes for any other reason, including procedures such as vascular access surgery, were included. This is because the aim of the present analysis is to explore variations in hospital costs separately from the costs associated with the fixed tariffs for dialysis and transplant surgery.
METHODS
Linkage of the HES and UKRR datasets ended in December 2009 and therefore no further hospitalisation data were available beyond this point. Over the observation period, an increasing proportion of patients were therefore administratively censored part-way through a given year due to the end of data availability. The proportion of patients who were administratively censored ranged from 0% in year one to 47% in year six for haemodialysis patients, from 0% in year one to 38% in year six for peritoneal dialysis patients and from 11% in year one to 63% in year six for transplant patients. A comparison of patient characteristics and annual costs in the years prior to administrative censoring did not identify any systematic differences between those patients who had been censored and those who had not. Therefore for the purposes of the current analysis, data from any year in which a patient was administratively censored were excluded under the assumption that these data were missing at random.
Patient characteristics and hospital costs in the first year after starting RRT are summarised by treatment modality using percentages and mean values as appropriate. Results of significance tests are presented to compare mean hospital costs between groups of patients with different characteristics of interest. Although cost data are typically not normally distributed, sample sizes in this dataset were sufficiently large for the use of t-tests or ANOVA to be robust to violations of the assumption of normality [11, 12] . In cases of unequal variances, Satterthwaite's approximation for standard errors was computed. To explore changes in hospital costs over time, mean annual costs and standard errors are presented by number of years on RRT.
Multiple regression was carried out to further determine which patient and treatment characteristics are important predictors of hospital costs. As cost data were positively skewed with a high proportion of patients with zero costs in the inpatient setting in any particular year, a two-part approach to the regression model was taken. Logistic regression was used to predict the probability of incurring any costs, followed by fitting generalised linear models to predict costs in patients who had at least one hospital episode in a given year. The effects of comorbidities on costs were explored using two approaches. In the first approach, individual comorbidities were included as covariates in the regression model and in the second approach, only the number of comorbidities was included as a covariate. Initially, all variables that were available in the dataset were included in the regression models and a process of backward elimination was used to inform variable selection using a P-value threshold of 0.2 [13] . Events such as transplant, renal recovery, death, or graft failure were included as covariates. In addition, a new variable was created to indicate if a patient died in the first half of the following year in order to adequately capture increased costs in the period prior to death.
All analyses were conducted in Stata (Version 13, Stata Corp, College Station, Texas, USA).
RESULTS

Descriptive analysis
Data on hospitalisations for 12 068 incident haemodialysis patients (Table 1a) , 4 018 incident peritoneal dialysis patients (Table 1b ) and 4 149 incident transplant patients (Table 1c) were available for analysis. The mean age for haemodialysis patients was 68.3 years compared with 56.0 years for peritoneal dialysis patients and 45.4 years for transplant patients. The two most common comorbidities were diabetes and hypertension and, of the nine comorbidities included in the scope of the analysis, the average number of comorbidities per patient at baseline was approximately 1.60 for haemodialysis patients, 1.26 for peritoneal dialysis patients and 1.56 for transplant patients.
Mean costs for patients during their first year of dialysis showed differences by modality, with haemodialysis patients incurring higher inpatient costs and peritoneal dialysis patients incurring higher outpatient costs. According to bivariate analysis, the presence of most comorbidities was associated with higher costs in the inpatient setting, but only diabetes was associated with significantly higher costs in both inpatient and outpatient settings and among both haemodialysis and peritoneal dialysis patients. Among transplant patients, congestive heart failure, peripheral vascular disease, diabetes and hypertension were all associated with higher costs in both inpatient and outpatient settings, whereas myocardial infarction, liver disease, cerebrovascular disease and deceased donor transplants were associated with higher costs only in the inpatient setting. Table 2 summarises mean annual costs for patients receiving each type of RRT over the six years of available data. Combined inpatient and outpatient costs in the first year of RRT were similar for haemodialysis and transplant patients, however costs for transplant patients decreased more rapidly in subsequent years. Peritoneal dialysis patients had lower total hospital costs compared to haemodialysis patients in the first year, but higher average costs in year six.
Multiple regression
Bivariate analysis of year 1 costs (Tables 1a, 1b and 1c) showed that events such as death can have opposite effects on inpatient and outpatient costs. Therefore it was important to control for these in multiple regression analyses and to keep the development of models for inpatient and outpatient costs separate. Two-part regression models were developed to determine which patient and treatment characteristics are important predictors of hospital costs. The final two-part models for each treatment modality are provided as supplementary material (available online at http://ndt.oxfordjournals.org).
Key findings can be summarised as follows:
In the inpatient setting, logistic regression results (Supplementary Table 1a) showed that the probability of incurring any inpatient costs generally decreased as the number of years on haemodialysis increased. Female gender and presence of comorbidities, with the exception of liver disease, increased the probability of incurring inpatient costs. The effect of comorbidities on the probability of incurring outpatient costs for haemodialysis patients was less consistent.
Compared to the first year on RRT, patients on peritoneal dialysis had a lower probability of incurring inpatient and outpatient costs in subsequent years (Supplementary Table 1b), however there was not a consistent trend in the probability of incurring costs over time as seen among haemodialysis patients.
For transplant patients, logistic regression results indicated that the probability of incurring inpatient costs, but not outpatient costs, generally decreased over time (Supplementary Table 1c ). Female gender and comorbidities were again associated with a higher probability of incurring inpatient costs, whereas living donor transplants were associated with a lower probability of incurring inpatient costs compared to deceased donor transplants.
Following logistic regression, generalised linear models were fitted to model costs in the subset of patients who had at least one inpatient or outpatient episode in a given year (Supplementary Tables   2a, 2b and 2c). For haemodialysis and transplant patients, inpatient costs tended to decrease as number of years on RRT increased, however this pattern was not seen among peritoneal dialysis patients. Age did not have a consistent effect on costs across hospital settings and treatment modalities, however where significant differences were noted, higher age was associated with lower costs. Of the comorbidities, only diabetes was consistently associated with higher mean annual costs for all patients irrespective of treatment modality and hospital setting.
Inpatient costs in the year of death were higher across all three RRT modalities, whereas outpatient costs in the year of death were lower. With the exception of the first year of the dataset, death events were fairly evenly distributed throughout the year, meaning that patients who died incurred significantly higher costs despite only being alive, on average, for approximately half of the year.
Alternative regression models based on the total number of comorbidities as a covariate, rather than on the presence or absence of individual comorbidities, yielded similar results, but were associated with slightly higher root-mean-square errors (RMSE). The number of comorbidities had a larger effect on hospital costs among transplant patients than among dialysis patients.
Application of regression models for predicting costs
A useful application of the regression models developed here is to predict hospital costs for patients with a given set of characteristics over time. Applying the models that have been developed, we can predict and compare costs for patients with different characteristics and by treatment modality. For illustrative purposes, Table 3 shows predicted inpatient and outpatient costs over a period of four years on each of the forms of RRT for three hypothetical patients: a 25-year-old female with no comorbidities, a 50-year-old male with diabetes and a 65-year-old male with peripheral vascular disease. Table 3 also shows the fixed costs associated with national tariffs for RRT (maintenance haemodialysis, peritoneal dialysis or deceased heart-beating donor transplant) [10, 14] . When comparing combined RRT and hospital costs over the four years among the three patients on the same modality, costs are similar on haemodialysis and transplant, however larger variations in costs are seen with peritoneal dialysis (range £101 938 to £109 213), mostly attributable to differences in inpatient costs. In all three patient examples, total costs are highest on haemodialysis and in each case, are approximately four times the total costs compared with a scenario in which each of these patients had received a transplant from a deceased donor.
DISCUSSION
Many health systems around the world are grappling with the need to contain the increasing costs of providing care for patients with ERF and in recent years this has led to the emergence of bundled payments or fixed tariffs for reimbursement to providers of dialysis services. Considerable attention has been focused on determining what costs should be included or excluded within a fixed rate of payment and there is variation between countries especially with respect to drug costs, laboratory tests and physician fees [1] . Less attention has been directed at characterising the magnitude of other hospital costs beyond the fixed tariffs for RRT that are incurred by patients with ERF. These costs can be considerable given the high rate of comorbidities among this patient population. Insight into variable hospital costs in addition to the fixed costs of RRT is important for having an overall understanding of the costs of managing ERF. Linkage of the United States Renal Data System (USRDS) and Medicare data allows for extensive analysis of costs in relation to patient characteristics and treatment factors, however such data sources outside the US are limited [15] .
One-time linkage of the HES and UKRR datasets has provided a rare opportunity to analyse variations in hospital costs beyond RRT in a large cohort of patients with ERF in England and to explore changes in costs over several years, as well as in relation to treatment modality and comorbidities. As no attempt was made to distinguish renal-related resource use from non-renalrelated resource use, the findings presented here are most relevant for looking at incremental costs between inpatient and outpatient settings, or between patients receiving different forms of RRT.
Excluding the fixed costs of RRT, our analysis showed that hospital costs were highest for all treatment modalities in the first year but hospital inpatient costs for both haemodialysis and transplant patients generally decreased with number of years on RRT, with transplant patients incurring lower annual costs than dialysis patients. A possible explanation for higher inpatient costs among incident haemodialysis patients could be access-related complications such as catheter-related infections, the need for catheter replacement or fistuloplasty and other forms of attention to dialysis access. In the UK, during the time period reflected in our analysis, a national audit showed that 69% of incident haemodialysis patients commenced treatment using venous catheters [16] . For transplant patients, higher costs in the first year reflect the need for frequent monitoring in the post-operative phase to manage immunosuppression, including detection and management of complications such as new onset diabetes after transplant (NODAT) [17] [18] [19] .
In the current analysis there was little evidence to suggest that hospital costs increased with age or number of years on RRT. In some cases, older age was in fact associated with lower costs. However, a pattern of increasing costs was seen with many comorbidities and it is plausible that the patients who remained alive for longer on RRT were on average healthier and required fewer hospitalisations.
The possibility of unobserved confounding could not be ruled out, but we believe this highlights the importance of controlling for comorbidities when exploring the effect of age on costs in the ERF population. Outpatient costs for transplant patients were highest in the first year of RRT, but dropped considerably in subsequent years and fell below average outpatient costs for haemodialysis patients by year six. In comparison, hospital costs for patients on peritoneal dialysis remained relatively constant over time, except for a slight decrease in years 2 and 3. These findings challenge the commonly held assumption that costs increase with both age and time on RRT although caution should be exercised in extrapolating the findings beyond the 6-year period of our analysis. As with most retrospective datasets, there are several limitations to our analysis. In the HES dataset, coding practices meant that patients with missing comorbidity information could only be recorded as having no comorbidities, so the true extent of missing data was not known. However, the UKRR dataset also contained information on comorbidities at the start of RRT for approximately half of the patients in the sample.
Where comorbidity data were available from both HES and UKRR data sources, concordance was 93% [8] . This high level of concordance between two independently collected data sources increases our confidence that missing data on comorbidities is unlikely to be a source of systematic bias in our analysis. Due to the structure of our dataset, another limitation is that we were unable to explore in more detail the specific reasons for variations in hospital costs as this would have required a more granular breakdown of admission codes and procedures. In addition, the current analysis did not take into account drug costs, which fall outside both the fixed tariff for RRT and the hospital reimbursement codes in England.
Although differences in currency, reimbursement rates for RRT and the organisation of healthcare systems varies from country to country, a deeper understanding of the relationship between factors such as age, comorbidities, treatment modality and hospital costs is likely to cut across different countries with varied healthcare delivery paradigms. Looking beyond fixed tariffs for RRT, hospital costs make up approximately 20-25% of the overall cost of managing patients on chronic dialysis.
Taking into account both the fixed costs of RRT and variations in hospital costs characterised in the current analysis, it is readily apparent that although the total costs of treating dialysis and transplant patients may be similar in the first year of RRT, the cost differential in subsequent years is considerable. This reinforces the longer-term economic advantage of transplantation over dialysis for the health service. Table 2 Mean annual hospital costs by modality and number of years on renal replacement therapy (excluding the costs of maintenance dialysis and transplant surgery)
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